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The high sequence variation of RNA viruses necessitates use of degenerate primers and probes or mul-
tiple primers and probes in molecular diagnostic assays. We showed previously that PCR amplification
in two rounds, first with long target-specific primers and then with short generic primers, followed by
detection using long probes, can tolerate sequence variation. Here we demonstrate that long primers
and probes of up to 56 nucleotides can also be applied in real-time PCR for the detection of norovirus
genogroup Il with improved sensitivity. Probe design (method of incorporating quenchers, use of Zen
internal quencher or traditional quenchers) greatly affects the sensitivity of the real-time PCR assays.

Norovirus is a major cause of human
gastroenteritis and has been identified
as the predominant cause of food-borne
outbreaks (1). Both food and water are
important sources of norovirus trans-
mission. Rapid and accurate detection
is important for diagnosis of norovirus in
patients and for tracing the source of the
virus in food and environmental samples.
Due to its high sensitivity and specificity,
real-time PCR has become the gold
standard for detection of norovirus from
different sources (2, 3). Most real-time
PCR assays for noroviruses target the
conserved region in the junction between
ORF1 and ORF2 (4-7). However, due to
high sequence variation, a high degree
of sequence diversity is observed even
in the conserved region. To improve
the detection rate and to accom-
modate norovirus divergence, degen-
erate primers and multiple primers and
probes have been used for the detection
of different genogroups in real-time PCR
assays (4,8). Modified oligonucleotides
have also been used to compensate for

norovirus sequence polymorphisms (9).
However, all of these assays use very
short primers and probes and are not
highly variation-tolerant. Considering
the characteristic sequence diversity
of norovirus, an assay that can tolerate
sequence variation may greatly reduce
the false negative rate.

We showed previously that long
primers and probes can tolerate
sequence variation for norovirus
genogroup Il (Gll) and rotavirus in a
variation-tolerant capture multiplex assay
(VOCMA) with hybridization readout (10).
In the first round of PCR ampilification,
VOCMA uses a low concentration of long
target-specific primers designed to allow
hybridization despite target variation,
and this is followed by a second ampilifi-
cation round using short generic primers.
In the previous version of VOCMA, we
detected the PCR products using probes
in a suspension microarray in a Luminex
multianalyzer after hybridization. This
system allowed for the use of highly multi-
plexed panels for the screening of clinical

samples. In that previous work, sensitive
and specific 22-plex sepsis and 7-plex
gastro VOCMA panels were created, but
problems with this system included the
additional labor needed for the readout
and the potential for contamination when
the PCR tubes were opened before the
hybridization step.

Here we demonstrate that the VOCMA
principle can be applied to real-time PCR
conditions using nuclease-activated
(TagMan) internally quenched probes.
In comparison with detection of the
PCR product in a Luminex machine,
real-time PCR, which combines ampli-
fication with detection, shortens both
handling and running times. Single-tube
nested real-time PCR (11) has been
shown to have especially high sensi-
tivity for detection of pathogens such
as Mycobacterium tuberculosis, retro-
viruses, and hepatitis A virus (11-13).
The risk of cross-contamination is low
since the sequential reactions occur in
a single tube. It is therefore reasonable
to adapt VOCMA for use with single-

METHOD SUMMARY

The variation-tolerant capture multiplex assay (VOCMA) requires long degenerate primers and probes for the initial round of PCR
amplification. We developed a norovirus genogroup Il VOCMA with nuclease-activated probes where internal quenchers were used.
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Figure 1. Positions and sequences of primers and probes used for real-time PCR assays targeting the conserved region in the junction between ORF1
and ORF2 of norovirus genogroup Il. (A) Top: Primers and probes used for three previously published norovirus Gll real-time PCR assays targeting the
conserved ORF1-ORF2 overlap region. Bottom: Sequences and positions of the primers and probes (all tolerant of norovirus Gl variation) used in our
real-time PCR assay targeting the conserved ORF1-ORF2 overlap region, as shown by the Consort program (J.B., unpublished manuscript). The sequence
of the conserved ORF1-ORF2 overlap region shown is the consensus derived from the BLAST alignment of 584 full-length norovirus genogroup Il se-
quences using the Lordsdale sequence as the query sequence. The red regions in sequence alignment depict positions without variation; y-axis: average
% conservation per position; x-axis: alignment position. For the primer sequence, the approximate positions of quenchers (black symbol) and fluorophore
(lighthouse symbol) are shown. Note that NoProbes 1-4 are antisense. (B) The entire alignment of the 584 full-length norovirus genogroup Il sequences.

tube nested real-time PCR. However, in
order to maintain the variation tolerance,
the specific probes in VOCMA are often
50-70 nucleotides, which makes them
unsuitable as conventional TagMan
end-labeled probes for real-time PCR.
Normally, efficient quenching requires
that the quencher be situated less than
30 bases from the fluorophore. In order
to maintain quenching efficiency for the
long probes used in VOCMA, quenchers
must be placed internally in the probe.
Black Hole Quenchers (BHQs) have been
widely used in real-time PCR due to their
improved quenching compared with other
quenchers and their ability to be used with
a wider range of reporter dyes, expanding
the options available for multiplexed or
genotyping assays. The BHQ can be

placed internally by BHQ DMT amidite or
BHQ dT linker amidite chemistry, but since
these options have rarely been used and
may affect the function of the probes, we
have now evaluated their use in synthe-
sizing VOCMA probes. Furthermore, we
also tested the recently developed ZEN
internal quencher from Integrated DNA
Technologies (IDT), which can decrease
the distance between the dye and
quencher to only nine nucleotides and
significantly reduces background fluores-
cence, resulting in improved sensitivity.
Human noroviruses consist of the
Gl, GIl or GIV genogroups. The Gll
genogroup is the most prevalent, and it
carries much of the variation in human
norovirus. Therefore, in the present study,
Gll was used to evaluate several TagMan

probes in a real-time PCR based on the
VOCMA principle. A synthetic oligonucle-
otide from the highly conserved ORF1-
ORF2 junction region of Gll was used
as target for PCR ampilification. Four
TagMan probes with the same nucleotide
sequence but different quencher combi-
nations were tested in the real-time PCR
assays, and the sensitivity of the assays
was compared.

Materials and methods

Design of primers and probes

Whole genome sequences of Gll norovi-
ruses (n = 580) collected in BLASTN
(NCBI, NIH, Bethesda, MA) were analyzed
to map nucleotide conservation and
variation using the Consort program



Table 1: Primers, probes, and synthetic oligonucleotides for norovirus genogroup II

Primers/Probes Nucleotide sequences (5-3) Location

Generic first TTGGATAAGTGGGATA

Generic second AAGATATCGTAAGGAT

NVFw AAGATATCGTAAGGATAATYAGYAARYTRGTYATTGCAGAGYTDAARGARGGTGGYATGGATTTTTAC 4942-4993
NVRev TTGGATAAGTGGGATAAYTCGACGCCATCTTCATTCACAAARCTGGGAGCCAGATTGCGATCGCCCTC 5051-5102
Noprobel FAM/CCACGTGCTCAGRTCYGAGA/iBHQ1/ATCTCATCCAYCTRAACATYGGCTCTTGYCTGGGCAC/3Spacer C3 4994-5050
Noprobe2 FAM/CCACGTGCTCAGRTCYGAGAAIT(BHQ-1)ICTCATCCAYCTRAACATYGGCTCTTGYCTGGGCAC/spacer C3 4994-5050
Noprobe3 FAM/CCACGTGCT/zen/CAGRTCYGAGAATCTCATCCAYCTRAACATYGGCTCTTGYCTGGGCAC/3lowa black RQ-Sp 4994-5050
Noprobe4 FAM/CCACGTGCT/zen/CAGRTCYGAGAATCTCATCC/zen/AYCTRAACATYGGCTCTTGYCTGGGCAC/3lowa black RQ-Sp 4994-5050
Synthetic target AATTAGCAAGCTAGTCATTGCAGAACTGAAGGAAGGTGGCATGGATTTTTACGTGCCCAGACAAGAGCCAATGTTCAGATG- 4942-5102

GATGAGATTCTCAGATCTGAGCACGTGGGAGGGCGATCGCAATCTGGCTCCCAGCTTTGTGAATGAAGATGGCGTCGAAT
IUPAC codes were used to indicate degenerate nucleotides. Nucleotide positions were based on Lordsdale virus genomic sequence (GenBank accession no. X86557).

(J. Blomberg, unpublished manuscript),
which visualizes the frequency of variation
and the variation in nucleotide compo-
sition at each base position as well as
the number of aligned sequences (Figure
1). The design process, briefly described
above, was based on the conserved
ORF1-ORF2 overlap area (nucleotides

5085-5104 of the Lordsdale norovirus
reference genome X86557 and its
flanking sequence). The target for the
forward primer (nucleotides 4942-4993)
was less conserved, however. We
addressed this issue by grouping the
variation in this sequence into 5 major
haplogroups differing by a maximum of 5
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mismatches within the haplogroup and
10 mismatches between the haplogroup
consensuses. This resulted in five
suggested degenerate primer sequences.
These were further evaluated against the
entire variation of the alignment using
the NucZip (14) and nearest neighbor
algorithms (15) for prediction of hybrid-
ization. The chosen sequence was
predicted to hybridize with all variant
sequences. All of these sequence analysis
functions are featured in the Consort
program. The same procedure was used
for construction of the probe and reverse
primer. Finally, all oligonucleotides for
the VOCMA amplification mixture were
tested for interaction using the program
Visual OMP (DNA Software, Ann Arbor,
MI) to avoid hairpin, homodimer, and
heterodimer structures. We had to go
through several rounds of optimization
before finalizing the design of the primers.
The long primers and probes containing
degenerate positions were thus designed
to allow variation tolerance (Table 1), a
feature of VOCMA. The sequences of the
generic primers from our previous study
were added to the 5" end of the primers to
allow generic amplification of the specific
target in the second round of PCR. The
primers were synthesized by Integrated
DNA Technologies (IDT, Coralville, IA).
With a length of 56 nucleotides, the
probe must be internally labeled with a
quencher. All probes had the same nucle-
otide sequence and were labeled with
FAM at the 5 end (Figure 2). Noprobei
and Noprobe2 contained one internal
BHQ quencher at positions 20 and 21,
respectively, from the 5" end. The internal
quencher was introduced between the
5" and 3 deoxyribose positions in the
phosphate-deoxyribose chain by BHQ
DMT amidite chemistry for Noprobel and
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Figure 2. Structure of the four norovirus genogroup Il probes. Regardless of the actual quencher chemistry, the quencher is symbolized by a
biphenyl group. (A) Noprobel contains an internal BHQ1 quencher inserted into the phosphate-pentose backbone between nucleotides 20 and
21 (counting from the 5 end). (B) Noprobe2 contains an internal BHQ1 quencher added as a side chain to the thymidine at position 22. (C)
NoProbe3 contains an internal Zen quencher inserted between nucleotides 9 and 10 and an lowa Black quencher at the 3" end. (D) NoProbe4
is the same as NoProbe3, except with an additional Zen quencher inserted between nucleotides 29 and 30.

as a modified nucleotide by BHQ dT linker
(LGC Biosearch Technologies; Petaluma,
CA) amidite chemistry for Noprobe?2.
Noprobe3 had a single Zen quencher nine
nucleotides from the 5" end. NoProbe4
had 2 Zen quenchers 9 and 29 nucle-
otides from the 5" end. Like NoProbef,
the Zen internal quencher was intro-
duced into the phosphate-deoxyribose
chains of NoProbe3 and NoProbe4. In
addition to the Zen internal quenchers,
Noprobe3 and Noprobe4 had an lowa
Black quencher at their 3" ends. More
information on internal Zen quenchers
can be found at https://eu.idtdna.com/
pages/decoded/decoded-articles/core-
concepts/decoded/2013/03/29/modifi-
cation-highlight-zen-internal-quencher.

Synthetic target

The oligonucleotide corresponding to
nucleotides 4942-5102 of the Lordsdale
strain (X86557) was synthesized by
biomers.net (UIm, Germany) and used as
the target for optimization of the real-time
PCR conditions and determination of the
sensitivity of the assay. The synthetic
single-stranded DNA was dissolved in

nuclease-free water and was serially
diluted 10-fold from 1 x 10 to 1 x 10°
molecules/uL with 20 ng/uL yeast RNA
(Ambion, Austin, TX).

Samples

Feces samples obtained from hospital
patients between October 2014 and
February 2015 were provided anony-
mously with patient consent, according
to the Swedish Biobank law and Uppsala
University hospital rules, and extracted
using the EasyMag system (Bio-Merieux,
Marcy I'Etoile, France) according to the
manufacturer’s instructions.

A total of 86 clinical patient samples
were used in this study. Of these samples,
46 were norovirus genogroup |, 23 were
genogroup |, and 20 tested negative for
genogroups | and Il, as determined by
routine diagnostics at the Clinical Micro-
biology Laboratory of Uppsala University
Hospital based on a specific norovirus
genogroup | and Il real-time PCR assay (16).

Single-tube nested real-time PCR assay
Single-tube nested real-time PCR
was performed using a CFX 96 touch

real-time PCR detection system (Bio-Rad,
Hercules, CA) with the Path-ID Multiplex
One-Step RT-PCR Kit (ThermoFisher
Scientific, Foster City, CA) in a 25 pL
volume comprising 2 pL extracted RNA
or synthetic target and 23 pLL. master mix
containing: 1 pL 25x multiplex RT-PCR
enzyme mix, 12.5 uL 2x multiplex RT-PCR
buffer, 40 nM norovirus Gll specific forward
(NvFw) and reverse (NVRev) primers, 300
nM generic primers, and 100 nM probe.
The specific and generic primers were
included in the same master mix instead
of being added separately in different PCR
steps. In this way, cross-contamination
was avoided. The real-time PCR condi-
tions, essentially the same as previously
developed for VOCMA (10), were: 45°C for
10 min for reverse transcription and 95°C
for 10 min, followed by nested real-time
PCR. The first PCR was performed with
15 cycles at 95°C for 15 s for denatur-
ation and 61°C for 45 s for annealing and
extension. The second PCR was carried
out with 40 cycles at 95°C for 15 s and
52°C for 45 s. Nuclease-free water was
used as a negative control and synthetic
target as a positive control.
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Figure 3. Standard curves for the norovirus Gll real-time PCR assay using 10-fold serial dilutions of the
synthetic target. (A) Noprobel. (B) Noprobe2. (C) Noprobe3. (D) Noprobe4. The assays were performed in
duplicate, and the average values were plotted. Only the Cq values from the second round of PCR were used.

Sequencing

The PCR product of the norovirus
samples was purified using the Wizard
SV PCR Clean-Up System and ligated
to a pCR4-TOPO vector (Thermo Fisher
Scientific, Waltham, MA), according to the
manufacturer’s instruction. After transfor-
mation, 10 colonies for each PCR product
were picked up and used for extraction of
plasmids. Both strands of plasmids were
sequenced using the Sanger sequencing
method at the Uppsala Genome Center
(Uppsala, Sweden).

Results and discussion

The sensitivity of our single-tube nested
real-time PCR assay with long internally
quenched probes for the detection of

norovirus genogroup Il was tested
using a dilution series of 10° to 10°
copies of a synthetic oligonucleotide.
The Cq values from the second round
of real-time PCR assays were used to
plot standard curves (Figure 3). A linear
relationship in the range 10-1,000,000
copies/reaction for the standard curves
was observed when Noprobe3 and
Noprobe4 were used in real-time PCR,
with a detection limit of 10 copies/
reaction, though signals in 3 out of 6
wells calculated to contain a single copy
were also detected. The detection limit
for Noprobel was 1000 copies/reaction,
while the detection limit for Noprobe2
was 100 copies/reaction.

The specificity of the real-time PCR
assays was evaluated by testing 46
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norovirus genogroup Il samples, 23
norovirus genogroup | samples, and
20 samples testing negative for both
norovirus genogroup | and genogroup
Il. In all assays, no cross-reactivity was
observed for RNA from the 23 norovirus
genogroup | samples and RNA from the
20 norovirus genogroup | and Il negative
samples. Among the 46 norovirus
genogroup Il samples, 44 samples were
determined as norovirus genogroup Il
positive by all assays. The PCR products
of the two remaining samples, which
were false negatives compared with the
routine PCR assays, were examined by
agarose gel electrophoresis. A clear band
with the expected size could be seen on
the agarose gel (results not shown). This
indicated that there might be a mismatch
between the target and the probe. To
identify possible sequence variation within
the target region hybridized by the probe,
the PCR products of these two samples
were cloned into a pCR4-TOPO vector
and sequenced. Long deletions within
the target region hybridized by the probe
were observed for both samples (results
not shown). Sequencing results for 1 of the
2 samples indicated that it was a mixture of
at least 2 virus variants with deletions of 51
and 39 nucleotides, respectively. We thus
obtained an explanation for the absence
of signal in these two samples: The probe
could not bind to the target region due to
long sequence deletions in the samples.

The PCR products of five other
randomly selected norovirus Gll samples
were also sequenced. The sequencing
showed that the probe region can tolerate
sequence variations of three different
variants of the viruses (results not shown),
which is in agreement with our previous
study showing that long primers and
probes can tolerate sequence variation
(10). BLAST results using these five
sequences as queries showed that the
sequenced viruses belong to Genotype
Gll.4, which was the most prevalent
genotype in Northern Europe during the
sampling period. A critical evaluation of the
variation tolerance with a wider range of
Gll norovirus samples remains to be done.

In the present work, all of the probes
incorporated at least one internal
quencher. The sensitivity of four different
internally quenched probes (see Materials
and methods) for the real-time detection
of the amplification product of a 161
nucleotide sequence region of norovirus



Gll was evaluated. We found that the
triple-quenched probe Noprobe4 and
the double-quenched probe Noprobe3
displayed the highest sensitivity. The sensi-
tivity of Noprobe2 was less than that of
Noprobe3 and Noprobe4, while Noprobe
showed the lowest sensitivity. It was not
possible to obtain information about the
Zen structure for proprietary reasons.
However, unlike other internal quenchers
(here represented by NoProbel and
NoProbe?), which may have a destabilizing
effect when placed internally between
nucleotides in a probe sequence, the
Zen quencher is a non-base modifier that
may actually strengthen duplex formation
and thus does not reduce probe hybrid-
ization. Consequently, Zen can be placed
close to the fluorophore, as in NoProbe3
and NoProbe4, contributing to efficient
quenching. Thus, both low background
and stabilization of the duplex contribute
to the high sensitivity of the Zen quencher
probes. Noprobel and Noprobe?2 had the
same internal BHQ1 quencher, but for
Noprobel the BHQ was placed internally
by BHQ DMT amidite chemistry (Figure 2).
The introduction of the BHQ may create
steric hindrance between neighboring
nucleotides and between the target and
the probe, which may affect annealing
efficiency during PCR. For Noprobe2, the
BHQ was placed internally by BHQ dT
linker amidite chemistry (Figure 2), through
the introduction of a flexible linker between
the quencher and the nucleotide. The linker
may reduce the steric hindrance caused
by the quencher, thereby improving the
hybridization efficiency between the probe
and its target at the annealing step. This
probably explains the higher sensitivity of
Noprobe2 compared with Noprobe1.

In comparison with traditional TagMan
real-time PCR assays for the detection of
noroviruses, which use short primers and
probes, here we have demonstrated that
long primers and probes with an internal
quencher can be applied in a TagMan
real-time PCR assay for the detection of
highly variant norovirus Gll. The detection
limit of the assays using Noprobe3 and
Noprobe4 was similar to previous estab-
lished assays at a range of 10-100 copies
per reaction (16—17). With such high sensi-
tivity, our assays cannot only be applied
for clinical samples in which high copy
numbers of viruses are present but also
for detection of environmental and food
samples where the virus is present at low

copy numbers. This study shows that
the VOCMA principle can be applied to
real-time PCR for the quick and sensitive
broad-range detection of highly variable
pathogens. However, to ensure the high
sensitivity of the real-time PCR assay,
selection of appropriate internal quenchers
is very important. This study paves
the way for adaptation of our previous
VOCMA system to multiplex real-time PCR
assays, which are under development for
the detection of pathogens of interest in
several syndromic panels.
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